The effect of a mutation in luxI (autoinducer synthetase gene) on transcription of luxR in the cloned Vibrio fischeri lux system (luxR, luxICDABE) was examined in Escherichia coli. For the luxI mutant, transcription from the luxR promoter (monitored with 0-galactosidase levels from a luxR::lacZ fusion, with LuxR supplied in trans) decreased fivefold, to levels of the luxI strain, only in the presence of added autoinducer. The results demonstrate that, as has been shown at the translational level, autoinducer is required for negative autoregulation of luxR at the transcriptional level.
The effect of a mutation in luxI (autoinducer synthetase gene) on transcription of luxR in the cloned Vibrio fischeri lux system (luxR, luxICDABE) was examined in Escherichia coli. For the luxI mutant, transcription from the luxR promoter (monitored with 0-galactosidase levels from a luxR::lacZ fusion, with LuxR supplied in trans) decreased fivefold, to levels of the luxI strain, only in the presence of added autoinducer. The results demonstrate that, as has been shown at the translational level, autoinducer is required for negative autoregulation of luxR at the transcriptional level.
The expression of luminescence in Vibrio fischeri, a central aspect of its light organ symbiosis with monocentrid fish, is controlled by autoinduction. During growth in culture, V. fischeri produces a specific, diffusible metabolite termed autoinducer [N-(3-oxo-hexanoyl)homoserine lactone], which accumulates in the medium and induces synthesis of luciferase and other enzymes involved in luminescence when it reaches a critical concentration of a few molecules per cell (6, 15, 18, 20) . In natural environments where the V. fischeri population density can reach a high level, such as in the fish light organ (109 to 1010 cells ml of organ fluid-'), autoinducer presumably also accumulates and induces luminescence (19, 20) .
A 9-kilobase fragment of V. fischeri DNA that encodes all the functions for luminescence and contains regulatory elements sufficient for their expression in Escherichia coli has been isolated (8) . The luminescence genes (lux genes) comprise two transcriptional units, luxR and the lux operon (luxICDABE), which are divergently transcribed from an intermediate regulatory region (8) . In the lux operon, luxI encodes an autoinducer synthetase function and is the only V. fischeri gene necessary for synthesis of autoinducer in E. coli; luxC, luxD, and luxE specify proteins involved in synthesis of the aldehyde substrate for luciferase; and luxA and luxB encode the a and ,B subunits of luciferase (1, 8, 9) . The luxR gene encodes a protein (LuxR protein) which is necessary for cells to respond to autoinducer (8) . LuxR protein is thought to form a complex with autoinducer that activates transcription of the lux operon, thereby creating a positive feedback circuit for autoinducer synthesis which leads to an exponential increase in luminescence (8) .
Recent evidence indicates that the expression of lluxR is controlled both positively and negatively. With regard to positive control, cyclic AMP (cAMP) and cAMP receptor protein (CRP) activate transcription from the luxR promoter (4, 5) , and this apparently accounts for the requirement for cAMP and CRP in induction of luminescence in V. fischeri (3, 12) and E. coli (4) . A characteristic cAMP-CRP-binding site in the lux regulatory region has been identified by DNA sequence analysis (2, 11) . Expression of luxR is controlled negatively at the level of translation by the lixR gene product, and this translational negative autoregulation is dependent on autoinducer (10) . Expression of luxR also is subject to a negative control by the luxI gene product, and recent evidence indicates that this form of control involves a regulatory region in the luxR structural gene (9, 16) .
In addition to the translational form of negative autoregulation, the expression of luxR is subject to negative autoregulation at the transcriptional level (5) . During activation of lux operon transcription, the luxR gene product appears to counter the effect of cAMP-CRP by repressing transcription from the luxR promoter (5) . However, whereas autoinducer is required for translational negative autoregulation of luxR (10) , its involvement in transcriptional negative autoregulation has not been conclusively demonstrated (5) . This report describes the use of a luxI mutation in the cloned lux genes to demonstrate that autoinducer is required for negative autoregulation of luxR at the transcriptional level.
Isolation and characterization of a luxI mutation. To generate mutations in the cloned lux genes, the in vivo hydroxylamine mutagenesis procedure of Silhavy et al. (21) was used, as modified by Engebrecht and Silverman (9) . For this study, the recombinant lux plasmid pHK555 (luxR: :lacZ luxlCDABE) (5, 16) was used to permit assessment of luxR promoter activity through measurement of 3-galactosidase levels in E. coli PD100 (cya+ crp+) and PD200 (AcyaA) (4). The luxR gene product was provided in trans from the ptac vector pPD749 under control of isopropyl-3-D-galactopyranoside (IPTG) (5). The solid medium used was Luria Bertani (LB) (21) agar (15 g. liter-'). Growth of liquid cultures was in 3-ml volumes of LB broth containing Tris buffer (50 mM, pH 7.5) and glucose (10 mM) and, as indicated, ampicillin (80 ,ug. ml-'), chloramphenicol (30 ,Lg. ml-'), and IPTG (1 mM), as described previously (4). All cultures were grown at 30°C. The light-measuring equipment, the standard to calibrate the equipment, and procedures for measuring luminescence in broth cultures and luciferase activity in cell extracts have been described (4, 14) .
For mutagenesis, 15 p.g of purified pHK555 was incubated in 50 RIl of mutagenesis solution (9) . Samples (5 ,ul) were removed periodically for 8 h, added to 95 ,u of 100 mM CaCl2 to stop the reaction, and stored at 4°C. This DNA was then used to transform E. coli PD100(pPD749) by the Hanahan procedure (13 Strains with mutations in luxA or luxB or with polar mutations in luxI or farther downstream in the lux operon were eliminated by screening for strains that produced little or no luciferase even when grown in the presence of pure, synthetic V. fischeri autoinducer (0.2 ,uM).
The remaining strains, which produced high levels of luminescence only in the presence of added autoinducer, were considered nonpolar luxI mutants. From one such strain, the mutagenized derivative of pHK555 (designated pJR551) was segregated away from pPD749 by transformation of PD100 and selection on LB plates containing only chloramphenicol. No changes in fragment sizes compared with those of pHK555 were detected with Sall restriction endonuclease analysis, indicating no substantial physical changes in pJR551. PD100(pPD749) retransformed with segregated pJR551 also required autoinducer to produce high levels of luminescence. On LB plates containing 5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside (X-Gal) (21) , ,-galactosidase levels of PD100(pPD749, pJR551) and PD100 (pPD749, pHK555) were essentially identical, indicating that mutagenesis of the plasmid did not generate an obvious defect in the luxR promoter or the fused lacZ gene.
To determine the sensitivity of PD100(pPD749, pJR551) to added autoinducer, we grew this strain in liquid culture supplemented with various concentrations of V. fischeri autoinducer. At low cell density (approximately 107 cells ml-'), the cells responded strongly to increasing concentrations of autoinducer (Fig. 1) . Distinct responses were obtained at concentrations of 5 and 10 nM, which correspond to approximately 1 to 2 molecules of autoinducer per cell (15) . The response of this strain was more sensitive and more consistent than that which we obtained with V. fischeri B-61, a natural isolate deficient in autoinducer synthesis (7, 15, 18) . In addition, in purification and activity studies of autoinducer synthetase (luxI gene product), detectable responses have been obtained with PD100 containing pJR551 and pPD749 at an autoinducer concentration of 2 nM (A. Eberhard, personal communication). Thus, pJR551 is a sensitive tool for bioassays of V. fischeri autoinducer.
The sensitive luminescence response of this strain to exogenous autoinducer permitted a rigorous assessment of its ability to produce autoinducer. This ability was examined by determining the luminescence response of PD100 (pPD749, pJR551) cells inoculated into medium containing ethyl acetate extracts of medium conditioned by the growth of E. coli and V. fischeri. This method takes advantage of the fact that V. fischeri and E. coli containing the V. fischeri luix genes on recombinant plasmids release autoinducer into the medium during growth (6, 15, 18) . Appropriate E. coli and V. fischeri strains (see below) were grown to a cell density at or beyond peak luminescence (optical density at 660 nm of 1.4 or above), the cells were removed, and the medium was extracted with ethyl acetate as described by Eberhard et al. (6) . For response measurements, extracts were added to fresh medium to give a concentration equal to that of the conditioned medium. Luminescence (quanta. second-1 milliliter-' [1081), determined after S h of incubation, was as follows: control (unconditioned medium), 0.02; E. coli Time (hours) 4 PD100(pPD749), 0.03; E. coli PDiOO(pPD749, pJR551) (luxI mutant), 0.03; E. coli PD100(pPD749, pHK555) (luxI+), 225; V. fischeri B-61, 0.20. Thus, cells of PD100(pPD749, pJR551) responded strongly to the extract from PD100(pPD749, pHK555) with a 10,000-fold increase in luminescence compared with that of the control, and they responded slightly (a 10-fold increase) to the extract from V. fischeri B-61. However, the extract of self-conditioned medium [i.e., conditioned by PD100(pPD749, pJR551)] produced no response.
Furthermore, an extract of self-conditioned medium concentrated 10-fold also produced no stimulation of luminescence. These results indicate that whereas PD100(pPD749, pJR551) responds strongly to either pure autoinducer or autoinducer extracted from conditioned medium, this strain does not produce autoinducer detectable by this sensitive bioassay. These results confirm the Luxl-phenotype of pJR551.
Requirement for autoinducer in luxR negative autoregulation at the transcriptional level. In an earlier study, Engebrecht and Silverman (10) demonstrated a requirement for autoinducer in IuxR negative autoregulation at the translational level. Recently, it was suggested that autoinducer also plays a role in luxR negative autoregulation at the transcriptional level (5) . However, because the strains used in the latter study were able to produce autoinducer, its involvement at the transcriptional level could not be conclusively demonstrated (5) . With the establishment of the Luxlphenotype of pJR551, we were now in a position to assess the role of autoinducer in transcriptional negative autoregulation of luxR. For these studies, we transformed E. coli PD200 (AcyaA) (4, 5) containing pPD749 with pJR551 and pHK555 separately and compared the activities of the IlixR and lux operon promoters of these two plasmids.
Consistent with previous results (4, 5) , the presence of cAMP in the growth medium stimulated transcription from the luxR promoter in both strains (Table 1) , as monitored with ,-galactosidase levels (determined at an optical density at 660 nm of 1.0 by the CHCl3-sodium dodecyl sulfate method of Miller [17] ). However, in the luxI mutant [PD200(pPD749, pJR551)] grown in the presence of cAMP and IPTG (to induce synthesis of the LuxR protein from the ptac vector, pPD749), ,-galactosidase levels decreased only slightly compared with the two-to threefold decrease in the luxI+ strain [PD200(pPD749, pHK555)] (Table 1) . However, when autoinducer was also added, the level decreased approximately fivefold in both the luxI mutant and the luxI+ strain (Table 1) . Similar results were obtained with the cya+ strain, PD100 containing pPD749 and pJR551, without added cAMP. Thus, the presence of autoinducer is necessary for the LuxR protein-dependent decrease in expression from the native luxR promoter. Activity of the lux operon promoter was monitored by assaying for luciferase in extracts of cells from the same experiment (Table 2) . Consistent with results for PD100 described above (Fig. 1) , induced levels of luciferase, reflecting induction of transcription from the lux operon promoter, were obtained with the lixI mutant only when autoinducer was included in the growth medium along with IPTG (Table 2 ). For the luxI+ strain, the presence of IPTG alone was sufficient for generation of an induced level of luciferase (Table 2) .
These results establish that in E. coli, autoinducer is required for luxR negative autoregulation at the transcriptional level. Repression of luxR promoter activity and induction of lux operon promoter activity thus both require autoinducer and LuxR. Since these activities appear to occur simultaneously (Tables 1 and 2 ), the proposed autoinducer-LuxR transcriptional activator complex (8, 9, 16) (10) . Thus, expression of lixR in E. coli is negatively autoregulated at the transcriptional and at the translational levels. Furthermore, IlixR expression is negatively controlled by the luxI gene product (9, 16) and is positively controlled at the transcriptional level by cAMP and CRP (4, 5 
